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Abstract 
The dynamic multiphase flow simulator OLGA [1,2,3,4] uses pressure (P), temperature (T), and fluid composition, as independent variables, 
meaning that all thermodynamic and transport properties for the fluid are given as functions of P and T. Although this is a good approximation 
for typical multicomponent oil and gas systems, several problems are being faced using the same formulation for pure CO2 and for CO2 
containing small amounts of impurities. A better approach is then to use pressure and enthalpy (H) as independent variables for thermodynamic 
equilibrium calculations and phase properties. This change in formulation is critical for accurate modelling of single component and near single 
component systems.  
 
A prototype P-H formulation has been implemented in OLGA as part of the R&D project CO2-VIP [5].The new calculation scheme is 
presented here, demonstrated through simple examples, and validated against experimental results. It has proven to give increased simulation 
accuracy and stability. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The dynamic multiphase flow simulator OLGA [1,2,3,4] uses pressure (P), temperature (T), and fluid composition as 
independent variables when performing flash and phase property calculations. This P-T formulation uses phase equilibrium and 
phase properties as functions of P and T.  
Treating pressure and temperature as independent variables works well for typical oil and gas multicomponent fluids, where the 
phase fractions and physical properties change gradually with P and T. However, along a saturation line, the equilibrium 
gas/liquid fraction depends on the energy input, and can thus not be expressed as function of P and T. For multicomponent 
systems with one dominant component, such as CO2 mixtures from combustion processes, the phase envelope approaches a 
single line as the concentration of CO2 approaches 100%. Hence, in the region where the phase change occurs, a small change in 
P or T will result in a large change in the equilibrium gas/liquid fraction – leading to numerical instability and non-convergence 
 
 
* Corresponding author. Tel.: +47-63890400; fax: +47-64844500. 
E-mail address:Truden@slb.com 
© 2013 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of SINTEF Energi AS
 Torgeir A. Ruden et al. /  Energy Procedia  51 ( 2014 )  344 – 352 345
 
problems in the simulations. 
Furthermore, at the critical point, డுడ்ቚ௉, 
డఘ
డ்ቚ௉ and 
డఘ
డ௉ቚ் are all infinite, a situation that is impossible to treat properly in a numerical 
simulation. There is also a P-T band above the critical point where the thermal capacity and the density derivatives are very 
sensitive to changes in temperature (Figure 1). Within this narrow band, along the Widom line [6], the fluid behaviour changes 
from gas-like to liquid-like. The band width is zero at the critical point and increases gradually above the critical point. 
 
 
 
Figure 1Typical changes in fluid properties above the critical point 
In order to solve both problems mentioned above, the energy dependency and the singularity, a more optimal scheme is to use 
pressure and mixture enthalpy (H) as the two independent variables (Figure 2). The gas/liquid fraction will then depend on the 
energy input, and the needed enthalpy and density derivatives will be zero at the critical point. 
 
Figure 2 Change of formulation from PT to PH, changes the phase line to a phase envelope 
2. Model changes and simulation examples 
2.1. Existing functionality 
A method for simulating single-component systems is currently available in OLGA through the Single Component Module. The 
module uses component specific equations of state (EOS) to calculate gas/liquid fractions and phase properties. For pure CO2, 
the Span-Wagner EOS [7] is used. 
 
In the Single Component Module, the phase-equilibrium depends on the energy input. The problematic fluid properties close to 
the critical point, however, are calculated using numerical approximations. This means that the method will give good results at 
some distance away from the critical point. Close to the critical point, however, e.g. the heat capacity will be underestimated. As 
a result, the phase transition below the critical point will happen too fast, and the warm-up/cool-down rate will be over-predicted 
above the critical point, along the Widom line.  
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Until now, it has not been possible to account for energy input in phase equilibrium calculations for multicomponent systems in 
OLGA.  
 
2.2. Implementation of P-H formulation 
In order to use P and H as independent variables, several parts of the numerical scheme in OLGA need to be changed. In a 
prototype version of OLGA, both the volume and energy conservation equations have been re-formulated. Also the flashing 
calculations have been modified to account for the energy input. The method has been implemented for both the Single 
Component Module and the Compositional Tracking Module.    
In the modified Single Component Module, component specific EOS is still used, and the Span-Wagner EOS is used for CO2. 
Similar to the functionality available in commercial versions of OLGA, a fluid table is created for a range of pressures and 
enthalpies at start of simulation. For each P-H point in the table, the gas/liquid fractions and required phase properties are 
calculated.  
 
In the course of the simulation, interpolation within the predefined table is performed to obtain gas/liquid fractions and phase 
properties for the relevant P-H points. A special approach is used to get good separation between the single phase and two-phase 
regions: When the table is generated, the pressure is varied freely. For each pressure, two of the P-H-pairs will be placed on the 
dew/bubble point curve. OLGA then uses triangular interpolation, ensuring that any point can be identified to be either inside or 
outside of the phase envelope. The table will also include the critical point, if it lies within the range of P and H. Note that this is 
different from the P-T approach, where the critical point cannot be used due to the infinite derivatives.  
 
The more general approach of the Compositional Tracking Module has been used to allow for simulations of multicomponent 
systems, including near single component, systems. New flash and fluid property calculations have been implemented in the PVT 
package by Calsep [8] and the required PVT properties are transferred to the Compositional Tracking Module in OLGA. Fluid 
files are generated in the fluid simulation program PVTsim [9] and used as part of the input to OLGA. This means that any fluid 
modeled in PVTsim can be used in the simulation.  
 
2.3. Simulation examples 
A simple example illustrating the new method is described here: The simulated system is a 400 m horizontal pipeline, divided 
into 10 equal numerical sections. The pipeline has a closed node (no flow) at one end and a pressure node (given pressure 
boundary condition) at the other. Ambient temperature is set to 50°C, and the fluid is assumed to be in thermal contact with the 
walls. The fluid in the pipe is then heated by the surroundings at various pressures. The fluid in Examples 1 and 2 are pure CO2, 
while CO2 is mixed with contaminants in Example 3. In all Compositional Tracking simulations, the Peng-Robinson EoS with 
Peneloux volume correction is used.  
 
In Example 1 the initial pressure and temperature are set to 40 bara and -20°C, respectively. The fluid is thus in the liquid region 
(liquid hold-up/volume fraction is 1). The fluid is then heated by the surroundings, while the pressure node at the end ensures 
that the pressure remains constant at 40 bara.  
 
Figure 3 shows the liquid hold-up (liquid volume fraction) and fluid temperature as heat is supplied from the surroundings. 
Before the liquid starts to evaporate, the three methods give very similar results. However, when the temperature reaches about 
4.3°C, only the two fluid models using P-H formulation treat the evaporation correctly. In these simulations the temperature 
remains constant as the liquid boils off. After all the liquid has boiled off, the fluid temperature continues to increase and finally 
levels off at the ambient temperature. Using the P-T formulation in the Compositional Tracking Module, the liquid boils off 
immediately and the fluid temperature spikes to 200°C. The fluid temperature then levels off too quickly to ambient temperature.  
 
In Example 2 (Figure 4), the same case is investigated, but now the pressure is kept at the critical pressure. The initial fluid 
temperature is 0°C, which means that the fluid is in the liquid region (liquid hold-up is 1). The fluid is once again heated by the 
surroundings. As expected, all three methods show the same behavior at the beginning of the simulation. Also as expected, the 
fluid temperature increases more rapidly in the P-T formulation, due to the numerical approximations. When using the P-H 
formulation, the fluid temperature in the Compositional Tracking simulation increases more quickly than it does in the Single 
Component Module. These differences are due to differences in the EOS used in the two modules.    
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Example 3 shows the effects of introducing impurities (Figure 5). Here, the case is run with three different fluids, containing 
varying amounts of impurities. Initial pressure and temperature are 40 bara and -20°C, respectively. The fluids are initially within 
the liquid region. The fluid temperature and liquid hold-up are plotted in the section next to the closed node. In these simulations 
the difference in the vaporization process, due to impurities, can be seen. Due to the lower boiling temperatures of the impurities, 
the fluid evaporates more quickly as the concentration of impurities increases.    
 
 
Figure 3 Heating of fluid in section next to the closed node in example case for different fluid models and numerical formulations. Initial pressure and 
temperature is 40 bara and -20°C. (Pure CO2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Fluid temperature for several fluid models and numerical formulations as the fluid in the pipeline is heated. 
Pressure is kept constant at critical pressure. (Pure CO2) 
348   Torgeir A. Ruden et al. /  Energy Procedia  51 ( 2014 )  344 – 352 
 
 
 
 
 
 
3. Experimental set-up and comparison of measurements with simulation results 
3.1. Experimental facility 
The CO2 test loop at Institute for Energy Technology (IFE) was built in such a way that both steady state flows and transient 
depressurization experiments can be accommodated, with only minor modifications to the loop. The facility is a semi-outdoor 
test rig with some of the process equipment inside two containers, and the rest under shelters. A schematic of the CO2-loop is 
shown in Figure 6. The CO2 loop can be run as a closed multiphase flow loop with continuous circulation of the vapour and/or 
liquid using the main separator tank (item 9 in Figure 6), single-phase pumping (10 and 11) and metering (11 and 12) of the 
liquid and vapour phases, a merging unit (14) for the phases, a test section (15) and a pre-separator (16) for measurements and 
observations of the flow behaviour, and finally pipes (17) that return the fluid back to the separator (9).  
 
The loop can also be run as a once-through loop for, for example, transient depressurization experiments as demonstrated in this 
paper. The components 9 - 13 in Figure 6 are not used for the transient experiments, but the components 5-7 are. During 
depressurisation of the test pipe (15), the fluid flows into the pre-separator (16), where the liquid phase is trapped, while the 
vapour is routed into the 1200 ltr. receiver tank (6). A gas compressor (7) is used to pressurize the system to pressures up to ~60 
bara. A high pressure cylinder (5) with a moving piston is used to arrive at higher system pressures, taking the fluid into dense 
phase and the supercritical region.  
 
The test section is a 2” stainless steel pipe, with 44.35mm ID and 1.3μm wall roughness. This pipe, 13 m long (~300D) is 
mounted on top of an inclinable beam. The test section of the CO2 loop can be inclined to +/-6 degrees to study the effect of pipe 
inclination. A visualization cell that consists of two sight glasses is used to visualize the flow behaviour. The two sight glasses 
are made in fused silica glass, 35 mm in diameter and with a thickness of 12 mm. Because the visualization cell inevitably 
disturbs the flow, it is installed at the end of the test section.  
 
 
 
Figure 6 Schematic lay-out of the CO2 test facility 
A schematic drawing of the experimental set-up for the transient depressurization experiments is shown in Figure 7. The main 
mechanical components involved in the transient experiments were the test section (TS), the pre-separator (PS), the storage tank 
(ST), the gas compressor (GC) and the high pressure cylinder (HP) with the hydraulically driven piston. All the vessels were 
equipped with pressure and temperature transmitters, and with analogue manometers. The labels for the temperature and the 
pressure transmitters in Figure 7 were denoted, for example, for the test section, TS.T3 and TS.P1, etc. Three PT100 temperature 
sensors (TS.T3, TS.T4 and TS.T5) were used to measure the fluid temperature at the top of the pipe while three thermocouples, 
Figure 5 P-H formulation in the Compositional Tracking model is simulated using three different fluids containing varying amounts of 
contaminants.  
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type K, (TS.T6, TS.T7 and TS.T8) were used at the bottom of the pipe.  
 
 
 
Figure 7 Schematic drawing of the set-up for the transient tests 
The shut-off valves (TS.SV1, TS.SV2 and PS.SV1) were closed completely to keep the CO2 fluid in the test section at the shut-in 
conditions before the transient tests. A by-pass route with a needle valve (PS.AV1) and several ball valves (Figure 8) were 
installed to control the depressurization from the test section to the downstream components (the pre-separator and the storage 
tank). One valve opening, the 6mm valve fully open (Cv~0.37), was used for experiments with CO2 with impurities added. 
 
 
Figure 8 Photo of one of by-pass route set-ups used in the transient experiments 
For the depressurisation experiments, the pre-separator (PS) was used as a combined separator and liquid accumulator. The 
pressure in the pre-separator was controlled by a regulator valve (PS.AV2) to a pre-set pressure (usually 15 bars). Measuring the 
liquid mass flow rate out of the test section was required in order to evaluate the liquid-vapour slip versus the boil-off rate. This 
was obtained using a dP transducer (PS.DP1) to measure the instantaneous liquid level in the pre-separator and back-calculate to 
find the liquid mass flow rate exiting the test pipe.  
The CO2 fluid in the test section was temperature controlled by using the system’s heat exchangers. The heat exchangers consist 
of copper tubing clamped, using material with high heat conductivity, externally to the process equipment, with coolant being 
circulated at a temperature and flow rate that gives the desired initial CO2 conditions. There are two heat exchangers for the test 
section and one for the pre-separator. Two temperature sensors, TS.T1 and TS.T2 in Figure 7, measured the inlet and outlet 
temperature of the coolant, respectively. Before the depressurization starts, if an adiabatic test was to be performed, the 
circulation of the coolant was stopped and kept stagnant in the heat exchangers during the depressurization. Thus, during the 
‘adiabatic’ depressurization, the CO2 fluid in the test section would inevitably be heated by the coolant residing in the heat 
exchangers. 
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Test procedures for the presented experiment 
The following procedure was used to prepare the mixture of CO2 w/impurities: 
1. Fill the gas to the storage tank based on the calculated mass of each gas component using a scale (+/-5g).  
2. Transfer the mixture of gases into the high pressure cylinder and the test section using the compressor up to 60 bars. Then 
top the pressure in the test section up to 80-90 bars using the piston in the high pressure cylinder. 
3. Perform depressurization by releasing the fluid through the pre-separator to the storage tank. 
4. Steps 2 and 3 above were repeat 1-2 times to ensure a uniform gas mixture.  
5. For each gas composition, the gas mixture was recycled for new tests. Once one gas composition was finished, more 
impurity gas was added to lift the impurity concentration to the next desired level.  
6. Gas samples were taken regularly and analysed in a gas chromatograph. It is the gas composition measured by the GC that 
is used in this paper.  
 
The procedure of the depressurization of CO2 w/impurities are as follows: 
1. The cooling/heating plant was switched on to set the temperature of the coolant in the heat exchangers for the test section 
and the pre-separator to a desired temperature.  
2. The needle valve PS.AV1 was set to the specified valve opening. The ball valves at both sides of the needle valve PS.AV1 
were closed. 
3. CO2w/impurities was filled to the high pressure cylinder (HP) and subsequently compressed into the test section (TS) 
through valves VK.SV1, TS.SV4 and TS.SV3. This was repeated until the pressure and temperature of the CO2 in the test 
section had reached the desired initial conditions for the depressurization. The pipe was then left in a shut-in state.  
4. The set-point pressure for the regulator valve PS.AV2 was chosen to keep the pressure in the pre-separator at a constant 
value by discharging gas to the storage tank. 
5. The pre-separator was pre-cooled to avoid unwanted flashing in the following way: Fill CO2 from the high pressure 
cylinder (HP) to the pre-separator through the regulator valve and release CO2 into the storage tank to the pre-set pressure. 
Then the pre-separator was cooled to the corresponding temperature.  
6. The circulation of coolant in the heat exchangers is stopped.  
7. Start logging the pressure, temperature, the liquid level in the pre-separator and the video recording. 
8. The ball valves at the two sides of PS.AV1 were then opened and CO2 started to flow into the pre-separator. The pressure 
dropped rapidly down to the vapour pressure line and gas started to boil off. The liquid level in the pre-separator increased 
quickly to a steady level. 
9. The depressurisation continued until the pressure in the test pipe reached the set-point pressure in the pre-separator.  
3.2. Description of OLGA model 
An OLGA model was set up to represent the experimental facility. The modelled system comprised the horizontally positioned 
test section with a closed inlet and a pressure outlet node. The experimentally measured pre-separator pressures were specified in 
the outlet node as a time series, and the simulation was started from initial conditions (pressures/temperatures) taken from the 
experiments. 
As explained earlier, fully adiabatic conditions could not be achieved in the experiment, as some heat was stored in the pipe and 
tank walls prior to depressurization. In order to get the correct material masses, the cross sectional area of each material in the 
experimental wall configuration was converted to concentric wall layers in the OLGA model. The ambient temperature was 
specified according to the average coolant temperature. A very small outer heat transfer coefficient was used to take into account 
the limited heat exchange with the surroundings. 
The fluid used in the comparison was 89.9 mol% CO2, 5.3 mol% CH4 and 4.8 mol% N2. A compositional fluid file (.ctm) for use 
with OLGA was generated in PVTsim based on the Peng-Robinson EoS with Peneloux volume correction. The Corresponding 
States Principle (CSP) was used to model the transport properties. No attempts were made to tune the fluid properties.  
The needle valve, described in Section 3.1, was included in the model. The valve was specified to be fully open throughout the 
simulation. The modelled ball valve in the bypass line was specified to move from closed to fully open within 1 second. 
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3.3. Comparison between experimental results and OLGA simulations 
All reported temperatures from calculations are mix temperatures, while the experimental temperatures were measured at the 
bottom of the pipe. 
In Figure 9, the results from the simulations are shown in a pressure-temperature phase diagram together with the phase envelope 
for the fluid. The new P-H formulation and the existing P-T formulation were used in separate simulations of the experiment.  
As can be seen from the figure, convergence problems were experienced using the P-T formulation. The calculations were 
unstable, and very short time steps and/or large delays in time for reaching equilibrium were required to avoid an unwanted stop 
in the simulation. Use of the P-H formulation gave a smooth curve and reasonable results. 
 
However, there is a discrepancy between the experimental and simulated results that is yet not fully understood. The two 
depressurization curves are nearly parallel, but several of the experimental P-T points appear to be outside the two-phase area. 
Potential sources of error: 1. Use of the non-tuned PR-Peneloux EOS for fluid description. 2. Too slowly reacting temperature 
measurement devices. 3. Thermal in-equilibrium in the experiments combined with the assumption of one mixture temperature 
for all fluid phases in OLGA. Experiments show that there are significant differences in temperature between the gas and liquid 
phases during depressurization. Understanding the discrepancy will be one of the focus areas in future work. 
 
 
 
Figure 9 Measured and calculated P,T points at inlet of test section during depressurization shown together with phase envelope in a PT phase diagram 
4. Conclusions 
A prototype method for properly treating single component and near single component fluids has been implemented in the 
dynamic multiphase flow simulator OLGA. The method can be used both together with component specific equations of state in 
the Single Component Module and for more general fluids in the Compositional Tracking Module. The implementation has been 
demonstrated through simple simulation examples, and through comparison with experimental results. The experimental results 
are obtained from an experimental test rig built for conduction of steady state and transient experiments with CO2 dominated 
fluids. Simulations of experiments and example cases demonstrate the stability of the new calculation method.  
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